that uses Br as the oxidant, and compared with the observations to reveal any clues about the likely oxidation 89 mechanism for GEM. 90 91
Methods 92

Site Characteristics 93
Maps depicting the locations of the study sites are shown in Figure air is drawn into an inlet with a 2.5 m size cut impactor into a KCl-coated denuder which absorbs GOM (unknown 112 efficiency), then through a quartz fiber filter which is hypothesized to collect PBM, and finally across alternating Au 113 cartridges which adsorb GEM. Gaseous elemental Hg measurements are recorded every 5-min, while GOM and PBM are 114 collected for 2 hours and desorbed for 1 hour, giving a measurement every 3-hours. Concentration units are ng m -3 at 115 STP for GEM and pg m -3 at STP for GOM and PBM. 116
The uncertainty in the GEM measurement when compared with other instruments is typically <10% (Lyman et 117 al., 2007) . While the RAMIX results for GEM did identify one out of 4 instruments that had a significant discrepancy, 3 118 out of the 4 instruments had very similar response for GEM (within 10%) . Since the instruments at 119 the 5 sites considered in this paper were not deployed side by side there could have been some discrepancies, and this is 120 a limitation. However we assume because the site operators for these instruments were highly trained, the data is the 121 best we could have for this paper. 122 GEM can be calibrated with a primary source, but currently there is no calibrant for GOM or PBM, a serious 123 limitation to the accuracy of the GOM and PBM data Jaffe et al., 2014 . In addition to the denuder, some fraction of GOM may be collected on the quartz fiber 128 filter in the particulate Hg instrument (Tekran®-1135) , and for these reasons we present GOM + 129 PBM = reactive Hg (RM) measurements in this paper. A recent inter-comparison between Tekran® and new Hg 130 measurement methods was performed and it was found that the Tekran® RM measurements were systematically 2-3 131 times lower than Hg
II measured with other methods Huang et al., 2013) . Thus, the Tekran® 132 measurements reported in this paper, while representing the best available observations, must be treated with caution 133 in light of these uncertainties, and are likely a lower bound to the actual concentrations of RM. However, despite these 134 uncertainties, we hypothesized comparing speciated Hg data from these high-elevation sites would be useful for 135 comparing site-to-site variability and RM/GEM slopes. 136 137
GEOS-Chem Model 138
Model output was from version 9-01-01 of the GEOS-Chem (GC) Hg coupled atmosphere-ocean-land model 139 (www.geos-chem.org), described in detail elsewhere (Amos et al., 2012) . Briefly, the simulation was conducted for th percentile based on seasonal data sets (Table  172 SI-1). The drier air data set was termed "FT" and was used for model comparisons. The seasonal months were: March-173 May = spring, June-August = summer, September-November = fall, and December-February = winter. This cutoff was 174 evaluated by examining NO+NO2=NOx concentrations at one site in Nevada (NV02) during the summer of 2007, where it 175 was found that when WV < 75th percentile, mean NOx was 0.12 ppb and when WV was in the upper 25th percentile, 176 mean NOx = 0.53 ppb. This supported our use of the cutoff. Thedrier air contained less NOx, and thus less influence from 177 the BL. At NV02, NOx was positively correlated with GEM (r 2 = 0.57) and thus applying the WV screen to these data also 178 removed very high GEM concentrations (> 6 ng m -3 ), likely from geogenic sources at the surface, from the FT data set. 179
Applying a more stringent WV cutoff, such as < 50 th percentile, would select data with even less influence from the BL, 180 but would have less statistical power due to small numbers of observations. Thus, the 75 th percentile WV cutoff was 181 chosen for all sites. Water vapor screens have been used previously based on the empirically-derived equations 182 described in Bolton (1980) : 183
where RH is relative humidity, Tamb is the ambient temperature in Kelvin, and P is the barometric pressure in hPa (Weiss- were not available for each site, a constant P was assumed for each site, based on the elevation of each site, which adds 187 < 1% error to the WV calculation. RM was at its seasonal minimum due to high humidity and rapid loss from wet deposition, but during the spring RM was 209 enhanced when the conditions at LABS were drier and more conducive to long-range transport. The FT data showed 210 higher mean RM at every site and season with notable increases of 40%, 20%, and 15% for MBO summer, SPL summer, 211
and DRI summer compared to unfiltered RM mean concentrations. This suggests that air from the FT at these sites was 212 generally enhanced in RM and depleted in GEM, reflecting the photochemical loss of GEM and longer lifetime of RM in 213 the FT. 214
Measured O3 concentrations were 15-20% higher during the spring compared to the summer at the North 215
American mountain top sites (MBO, SPL), which is different from the RM seasonal maximum in summer (Table SI-1). The 216 desert sites located in Nevada showed WV mixing ratios equivalent to, or below those at the mountaintop sites during 217 the summer. 218
Standard Model-Measurement Comparison 219
The standard model showed the highest mean GEM concentration among all sites at LABS (2.10 ng m 
Modeled RM concentrations also varied by about a factor of 7 between sites (similar variance seen in the 226 observations), with the highest concentrations predicted for MBO and SPL in the spring and summer, and the lowest 227 predicted for LABS in the summer (Figure 1 , Table SI-1). However, in terms of absolute difference in RM concentrations, 228 the model over-predicted the observations by a factor of 2.5 overall. 229
The linear relationships between RM and other measured species (GEM, O3, and WV) were determined both for 230 the observations and the standard model. The slopes between observed RM vs. GEM daily concentrations were 231 negative at all sites during the summer, and the standard model reproduced this RM/GEM trend at all sites (except for 232 LABS) (Figure 2, Figure 3 , and Table SI-2). Positive slopes were observed between observed RM and O3 at all sites 233 (significant at MBO, NV02, and SPL) during the summer, and this trend was duplicated by the standard model (significant 234 at all sites). Negative slopes between RM and WV were also observed (significant at all sites except SPL) and modeled 235 (significant at all sites) for data from the summer. Negative correlations of RM with GEM and WV and positive 236 correlations of RM with O3 both in the observations and the standard model are consistent with RM being formed in the 237 free troposphere (where WV was low and O3 was high) from the photo-oxidation of GEM (resulting in low GEM). 238
In contrast to the summer time period, however, there was a greater lack of agreement between the model and 239 observations for the spring data in Figure 2 and Table SI-2. The slopes of interspecies correlations of observed RM with 240 GEM were about a factor of 2 less negative during the spring compared to the summer at MBO and SPL (Figure 2) . At 241 LABS, the spring RM/GEM ratio was a factor of 4 less negative compared to the summertime ratio, and at DRI the 242 RM/GEM ratio was positive (Figure 2) . Modeled RM/GEM ratios did not show the same seasonal trend, but instead 243 were similar across spring and summer (~-275 for MBO, ~-150 for DRI and ~-350 pg ng -1 for SPL). For RM:O3 the 244 observed ratios were positive and the observed RM:WV ratios were negative at all sites during the summer, but during 245 the spring, these ratios did not show a consistent pattern (Figure 2) . 246
Slopes of GOM vs. GEM of around -1 have been reported previously (Swartzendruber et al., 2006; Lyman and 247
Jaffe, 2012). These have been for specific events, when one particular air mass has been measured, and when total 248 gaseous Hg is likely constant. For these conditions, a slope of -1 indicates that photochemical conversion of GEM to 249 GOM has occurred and there have been limited losses of GOM due to scavenging and deposition, and limited 250 replenishment of GEM from the background pool. The RM/GEM slopes reported in Figure 2 and Table SI-2 are greater  251 than -1 (or -1000 pg ng -1 ), in other words, the slopes are less steep and the relationship between RM and GEM is weaker 252 than the ideal -1 slope. For these data we do not expect a slope of -1 since these are across an entire season. Over such 253 a long time period, GEM concentrations do not stay constant, especially at DRI which has regular inputs from local 254 natural enrichment, scavenging occurs at varying rates, and thus the lifetime of RM is highly variable. 255 256 257
Case Study of Free Tropospheric Transport 258
This study also compared observed and modeled data on 12-hr time resolution during a period of subsiding air 259 Oregon to northern Nevada. Maximum RM concentrations occurred at MBO during the night when downslope flow was 264 observed, and maximum RM concentrations at DR and NV02 occurred during the day when convective mixing was at its 265 maximum. 266
Observed 12-hour mean GEM concentrations associated with the RM maxima were 1.0, 1.2, and 1.0 ng m -3 at 267 MBO, DRI, and NV02, respectively (Figure 4 b, e, h ), all significantly lower than the seasonal means of GEM at each site. 268
The diurnal pattern in GEM can be seen in Figure 4e O3 and WV concentrations during June 20-26 were higher and lower, respectively than the observations, whereas at DRI 281 and NV02 the model-observation agreement was better. We suspect that the global model did not reproduce the 282 observed O3 concentrations at MBO due to the complex transport that was evident from the back trajectories. 283
Observed water vapor concentrations at DRI and NV02 (Figure 4 d, g ) were equivalent to, or lower than WV 284 observed at MBO (Figure 4a ), corresponding to minimum relative humidity values of 17%, 6%, and 3%, at MBO, DRI, and 285 NV02 respectively. This indicates the very dry conditions in the desert and may have contributed to the longer lifetime 286 of RM in the atmosphere and also perhaps the better collection efficiency of the analytical system. 287
The RM/GEM mean ratio calculated using the data including the maximum and minimum concentrations during 288 the events followed both a longitudinal and elevation trend. At the western-most and highest elevation site, MBO, the 289 RM/GEM event ratio was -1020 ± 209 pg ng -1 , compared with -568 ± 60 pg ng -1 at DRI and -173 ± 33 pg ng -1 at NV02, 290 which was the eastern-most and lowest elevation site. The nearness of the RM/GEM ratio to -1000 at MBO suggests 291 approximate "mass conservation" between RM and GEM. Slopes of less than -1000 can indicate some combination of 292 loss of RM due to deposition, air mass mixing with varying total Hg concentrations, and varying air chemistries producing 293 different forms of RM that have different collection efficiencies by the KCl-denuder . 294
Model output from two simulations is also shown for this time: the standard Hg-model with Br-oxidation and 295
the OH-O3 model with the oxidation scheme involving OH and O3 (Figure 4 b, c, e, f, h, i) . At MBO the model simulation 296 with the OH-O3 chemistry provided a closer match in timing of peak RM concentrations (within 12-hours) compared to 297 the Br simulation (RM peak was 2-days later) (Figure 4c) . The simulated RM/GEM slopes for the MBO event were -850 298 pg ng -1 and -750 pg ng -1 for the Br and OH-O3 simulations, respectively. Both model runs matched the timing of the RM 299 peak at DRI within 12-hours (Figure 4f ) and NV02 within 24-hours (Figure 4i) . 300 Correlations across the time series in Figure 5 between observations and each model run for RM and GEM for 311 MBO and DRI, are shown in Figure 6 . For GEM at both sites but more so at DRI, the OH-O3 model more closely matched 312 the observations (steeper slope) compared to the Br model, (Figure 6 ). For RM the OH-O3 model also produced steeper 313 slopes and larger r 2 values compared to the Br model, again most notably at DRI. Simulated RM concentrations from the 314 Br model were notably smaller than the observations during the summer at DRI. This is significant because RM is 315 probably already a lower bound on real ambient concentrations due to inefficiencies associated with the collection 316 method. 317 Figure 7 shows monthly mean RM/GEM ratios in the observations plotted against monthly mean RM/GEM ratios 318 in the model using the Br-oxidation scheme (left panel) and the OH-O3 oxidation scheme (right panel). Both the 319 observations and the model agree that the higher RM/GEM ratios occurred in the summer months, and lower RM/GEM 320 ratios occurred in the spring. This is consistent with greater photochemical conversion of GEM and greater loss via dry 321 deposition during the spring (Sigler et al., 2009 ). Modeled RM/GEM using either oxidation scheme was on average 2.5 ± 322 2.6 higher than the mean observed RM/GEM, a factor roughly in line with the estimate of collection inefficiency of the 323 KCl-denuder . 324
Note that in Figure 7 the RM/GEM ratios using the Br-oxidation scheme fall into two patterns: data with a higher 325 slope which include those from DRI and NV02 (the desert sites), and data with a lower slope which include those from 326 MBO and SPL (the mountain top sites). In contrast, the RM/GEM ratios using the OH-O3-oxidation scheme from all sites 327 generally fall along one line. This is a consequence of higher RM concentrations and lower GEM concentrations modeled 328 using the OH-O3 oxidation scheme relative to the Br-scheme, as shown in Figure 5 
). 355
When the model was run with the OH-O3 oxidation scheme instead of the Br oxidation scheme, it was found that mean 356 concentrations of RM were higher and GEM were lower, especially at the desert sites DRI and NV02, producing better 357 correlations between measured/modeled RM and GEM compared to the model with the Br-oxidation scheme. This is 358 consistent with multiple GEM oxidation pathways occurring in the atmosphere and hence multiple forms of RM. 359 water vapor daily mean concentrations for each site and season. Observed data were filtered using only data when WV 507 < 75 th percentile. Winter and fall data not shown. All linear regression statistics given in Table SI- 
